Abstract. Avalanches pose a threat to settlements as well as industrial and recreational areas in the Alps. As a counter measure, technical mitigation measures have been implemented since the 19th century, resulting in a raise in value of formerly endangered areas. This increase in value can be considered as a benefit due to prevented damage. This paper compares the total costs and benefits of technical mitigation measures in the municipality of Davos, Switzerland as a basis for evaluating their net social benefit. The benefit of avalanche defence structures is determined using two different approaches. First, the replacement value of buildings protected by mitigation measures is quantified. Second, the number of protected persons is monetarily assessed by means of a human capital approach. The quantified benefit is compared with the present value of cumulative capital expenditures on avalanche mitigation measures. In addition, distributional effects of the public expenditures on technical mitigation measures are discussed based on the average future tax revenues within protected areas. Depending on whether benefits are calculated in terms of protected buildings or protected persons, the results show a large range of cost-benefit ratios. Critical issues of cost-benefit analyses in the context of alpine natural hazards are highlighted, including problems related to the human capital approach and the sensitivity of results to how benefits are calculated. The applicability of cost-benefit analyses for evaluating avalanche mitigation measures is discussed.
Introduction
Due to the high relief of the topography, natural hazards, such as avalanches, are part of the Swiss Alpine environment. Since the Alps have been historically used for human settlement, industry, and recreation, conflicts arise between
Correspondence to: S. Fuchs (fuchs@alps-gmbh.com) human interests and those natural processes that have the potential to damage infrastructure and harm people. The high losses that occurred particularly in the first half of the 20th century, promoted high investments by the public sector in avalanche defence structures with less emphasis on the economic efficiency of the projects than today (Haering et al., 2002) . In Switzerland, the major avalanche starting zones are equipped with avalanche protection measures, such as snow supporting structures. The total capital expenditure for those measures, from 1950 to 2000, was approximately Euro 1 billion (SLF, 2000) . Those capital expenditures were distributed between the Swiss Confederation (50% to 70%), the cantons (in Grisons 10%) and the communes (residue) (AfW, 1949 (AfW, -1996 .
As a result of the increasingly limited financial resources of the public sector there is a need for an efficient and sustainable policy of public expenditures for protection against natural hazards. Consequently, the costs and benefits of avalanche defence structures will be increasingly determined to allow for a comparison of the cost-effectiveness of different measures and an evaluation of the economic efficiency of avalanche mitigation strategies. Mitigation measures are considered economically beneficial if the utility produced by them exceeds or is equal to the associated costs. In Switzerland, in the future, the various levels of government will no longer fund avalanche defence structures in fixed proportions and without consideration of their economic efficiency and only mitigation measures with net economic benefits will be funded (Bumann et al., 1999 2 ; Baumann et al., 2000; Haering et al., 2002) .
Since avalanche mitigation measures have characteristics of public goods, 3 the private sector does not supply them in a sufficient quantity given the potential economic benefits to society. Therefore, the supply must take place via the public sector. In order to provide the optimal supply of avalanche protection measures, the public sector will need, among other information, evaluations of the costs and benefits of mitigation approaches. Such an evaluation can be made by comparing the costs of the supply of the good with an indirect measurement of the utility for the consumer. Literature exists on the application of cost-benefit analyses to planning for protection against natural hazards (Musgrave, 1969; Green and Penning-Rowsell, 1986; Bateman, 1992; Adams, 1993; Eade and Moran, 1996) . Major trends in environmental planning in Europe can be found in Bayerisches Landesamt für Wasserwirtschaft (1981) , Altwegg (1988 Altwegg ( , 1989 ; Löwenstein (1995) ; Worch (1996); and Wilhelm (1997, 1999b) . There are only a few approaches to cost-benefit analyses of mitigation measures. Wilhelm (1997) outlines general approaches to determine the costs and benefits of public goods. Wilhelm (1999a) presents a well-defined procedure for determining the costs and benefits of protection of roadways from avalanche risk. Wilhelm's approach was adapted by Bumann et al. (1999) 2 and Baumann et al. (2000) in a broader context of Alpine natural hazards. The determination of the costs is based primarily on discounted future investments. Benefits can be far more difficult to determine, particularly when they include valuation of human life (e.g. Kahneman, 1986; Viscusi, 1993; McFadden, 1994) .
During the winter of 1998/99, due to avalanches, high damage occurred in the Swiss Alps (SLF, 2000; Nöthiger et al., 2002) . In early 1999, 1350 avalanches caused an estimated damage of Euro 500 million, despite investments of approximately Euro 1 billion for mitigation measures between 1950 and 2000 (without taking into account expenses for regular maintenance and accruals). This paper evaluates whether past investments in mitigation measures have produced net economic benefits. This question is discussed based on a comparison of the investments for permanent avalanche defence structures in the municipality of Davos, Grisons, Switzerland, between 1921 and and the utility gained from the resulting protection of human lives and buildings. This cost-benefit analysis uses an ex-postapproach, which is appropriate to evaluate whether or not former decisions for the implementation of measurements are efficient in a sense that benefits exceed the related costs (Frey, 1978) .
A risk model allowed the calculation of benefits due to mitigation measures. Risk analyses were conducted for areas affected by avalanches in Davos. The method followed the actuarial concepts of the determination of the probable maximum loss (PML), which is the largest potentially assumable loss. A previous study shows that the risk for Davos decreased substantially between 1950 and 2000. The only exception was in the category of residential buildings, where 3 For explanations regarding public goods, see the appendix A.
an increase in risk was detectable at medium and high recurrence intervals (Fuchs et al., 2004) .
Methods of evaluation
In the first step of this analysis, the cumulative risk in 2000 for the settlement area within an avalanche run-out area was modelled for a 300-year scenario without any mitigation measures, using the numerical avalanche model AVAL-1D (e.g. Christen et al., 2002a) . The avalanche calculations as well as the selection of the friction parameters µ and ξ followed the guidelines given in the manual (Christen et al., 2002b) . The fracture depths were obtained applying extreme value statistics by Gumbel on the possible maximum new snow height within three days in the study area. The following assumptions were made for the determination of the run-out zones:
-The release areas of the avalanches under investigation were included as a whole in the calculation, partial triggering was not assumed.
-Since in the model AVAL-1-D the parameter ξ is regarded as being dependent on the friction coefficient µ, the stock of wood in the transit zone was considered using the smallest possible value for the friction parameter ξ . A value of 400 (m/s 2 ) was stated to reproduce the real conditions very accurately (SLF, 1999) , and was therefore applied during the set of calculations.
-Buildings within the accumulation area were not accounted for the protection provided by the dissipation of the force of an avalanche by upslope buildings to buildings further away from the avalanche starting zone. However, there were examples where an avalanche destroyed a building situated perpendicular to the avalanche axis (e.g. in the hamlet of Valzur, Paznaun valley, Austria, in February 1999), but there were cases where such a building was able to stop such an avalanche completely (e.g. in the village of Airolo, Ticino, Switzerland, February 1951 ). An important factor according for such differences in vulnerability is the structure of these buildings. Simple wooden chalets or brick buildings have only little resistance to avalanche impacts, while reinforced concrete buildings can resist medium to strong pressure intensities and retard the avalanche flux. However, investigations based on the structure of buildings require a totally different approach and a much larger measuring scale than the one used in this study. As a result, the estimates of prevented damage and estimated net benefits are higher than they would have been under consideration of the protective effect of buildings in the avalanche run-out area.
Using the 300-year scenario allows for consideration of the total area that is the basis for mitigation and land-use planning decisions by local authorities. The number and value of the buildings and persons affected by this scenario was calculated using a Geographic Information System (GIS). In the second step, the cumulative risk in 2000 was calculated for a 300-year scenario in the same areas, but under consideration of the actual mitigation measures. It was assumed that all mitigation measures are 100% efficient, even though, during the avalanche winter of 1998/99 for example, some avalanches appeared to have started within existing defence structures (SLF, 2000) . The height of the error determined during modelling was considered on the basis of a 95%-confidence interval by ±30 m, following the suggestions outlined in Barbolini et al. (2002) . The difference between the areas affected by avalanches in the 300-year scenario without mitigation measures and in the 300-year scenario with mitigation measures can be attributed to the mitigation measures in the avalanche starting zones.
In the third step, the economic benefit was determined not for the entire damage potential of the endangered areas (probable maximum loss, PML), but using an approach presented in Wilhelm (1997) for the quantification of collective avalanche risks, which better represents empirical information on damage patterns resulting from avalanches. Wilhelm used the following assumptions:
-The design event does not cover the entire run-out area, but only a certain part of it. This assumption is based on the observation that an avalanche accumulates in a finger-shaped pattern, particularly when the accumulation area is convex (see Fig. 1 ). For this reason, during the calculation of benefits from mitigation measures, the affected damage potential is determined using a reduction factor based on location within either of two hazard zones in the avalanche path. The red zone is the land planning designation for the area with greater avalanche exposure and the blue zone is the area with less avalanche exposure 4 . This reduction factor is 0.8 inside the red zone and 0.5 inside the blue zone for a 300-year design event (Wilhelm, 1997; Bumann et al., 1999 2 ).
-The average susceptibility of buildings to be damaged is 1.0 inside the red zone and 0.3 inside the blue zone for a 300-year design event (Wilhelm, 1997; Bumann et al., 1999 2 ).
The assumption was that the avalanche events occur at the beginning of the time period and then take the total cost over the remainder of the time period. As a result, the calculation of net benefit provided the upper bound for the total benefit. If the assumption would have been that the events occurred at the end of the time period, the discounted present value of the total benefit would be smaller and the ratio of cost to benefit greater. 
Determination of costs
The cost of mitigation measures is evaluated in terms of the present value of the previous investment so that the opportunity costs can be compared to the utility that would have resulted from an alternative appropriation of the resources. The capital expenditures for avalanche mitigation measures were made available by the forestry office in Grisons (AfW, 1949 (AfW, -1996 ). Their present value was calculated using Eq. (1), based on the real interest rate, which takes into account inflation and therefore allows comparison of expenditures in different years. K n is the present value of the total capital at the expiration of the validity in Euro, p is the real interest rate in percent, s is the interest period, n the term, and K 0 the opening capital in Euro. The real interest rate i real was calculated on the basis of the nominal interest rate i nom and the inflation J , using Eq. (2). The nominal interest rate was derived from the average rate of interest of the confederate bonds, as provided by the Swiss National Bank. The rate of inflation was provided by the Swiss Federal Statistical Office.
Determination of utility
The utility related to avalanche mitigation measures can be determined in two different ways, both of which are described below and used in the cost-benefit analyses.
-The utility can be defined in the sense of prevented damage to buildings, the so-called method of loss expenses. Because market processes (here for real estate within avalanche-endangered areas) are able to reflect the real costs, market values, from an economic point of view, are particularly suitable for the determination of possible damage. There are essentially two arguments against the use of market values: First, the market value for buildings is subject to variations. If, at the time of investigation, the market demand for the buildings is high, their current value may be above the replacement value. If, for example, due to an avalanche event, there is no demand on the market for those buildings, their value could be zero. The second argument follows the first: it is the philosophy of the mandatory building insurer to underwrite the risk due to the replacement value to be able to compensate for an eventual total loss and to enable a replacement of the damaged building at any time. Thus, the replacement value is used as an approximation within this study, neglecting any risk-dependent change in the demand of buildings on the market. Following this method, data concerning the number of potentially affected buildings and their insured replacement value was collected, as provided by the mandatory building insurance (GVA building insurance company of Grisons). Since these values have been adjusted to take into account for inflation, the insured sums can be directly compared to the respective year of construction.
-In a second set of calculations, the utility is evaluated in terms of the number of lives protected. The number of persons in the endangered areas was determined on the basis of the number of domiciles. Statistics indicated 2.4 residents per unit in the year 2000 (BfS, 2002) . Subsequently, an assessment of the value of the number of persons was done, using a human capital approach. This procedure can be traced back to approaches in the insurance business, where financial compensation is paid to the immediate family upon the premature demise of the policy holder. The value of human life was calculated as follows: In Switzerland, the annual gross earned income per working person amounted to Euro 45 240 for the year 2000 (BfS, 2002) . The average age of the population amounts to 39.4 years for men and 42.8 years for women (BfS, 2002) . Thus, until an average retirement age of 65 years, a remaining average expectancy of working life of 25.6 years for men and 22.2 years for women results, resulting in a mean of 23.9 years which has been rounded up to 24 years for this study. Equation (3) was applied to calculate the annuity value R 0 from the payment r, the factor q, and the term n. The factor q is derived summing up the rate of interest i with 1. The rate of interest was calculated with 0.0132, as provided by the Swiss National Bank for the average rate of interest of the confederate bonds. Applying Eq. (3) for the annuity value with the interest paid at the end of the period, an average of Euro 925 405 results for the annuity value corresponding to the income of an average person during the remaining working life. Thus, following the human capital approach, the average value of one human life lost during an avalanche event is approximately Euro 925 000.
This analysis also examines distributional implications of the investments in avalanche defence structure by comparing the total future revenue from taxes of persons living in endangered areas with the cost of the measures. This approach assumes that the residents of endangered areas could not live there without mitigation measures and consequently would not be liable for income tax. In Switzerland, the average level of income tax to be paid is 9.7% of the gross income (Bundesrat, 1998) . Thus, the total expected tax revenue for the community due to the construction of avalanche defence structures can be approximated by Euro 925 000 times 0.097, resulting in Euro 89 725 per residential person, as lost duties due to a premature demise of the person, under the assumption of a constant taxation in Switzerland. Due to the distribution of income tax revenues in Switzerland, about 10% of this sum is used annually by the Confederation, while the residue is split between the tax payer's residential canton and municipality.
Results of evaluation

Investments in avalanche defence structures
The municipality of Davos (districts "Platz" and "Dorf") is affected by four avalanche paths in the following areas: Schiahorn, Dorfberg, Dorfbach and Alberti (see Fig. 2 ). The related expenditures for the protection of the settlement areas are considerable: The avalanche defence structures in the Schiahorn area alone comprise 3315 m' of stonework that was installed mainly during the first period of construction between 1921 and 1925 (Henne, 1925) , 2240 m' of mixed terraces, 4262 m' of permanent snow rakes and 1125 m' of wooden snow rakes, for a total of 10 942 m' of defence structures (AfW, 1949 (AfW, -1996 ). The costs for those defence structures amount to k Euro 25 648 (adjusted to inflation and compounded interest). The costs for the Dorfberg area amount to k Euro 11 034, those for the Dorfbach area to k Euro 698 (avalanche-retarding mounds and a dam). In the Alberti area, no avalanche defence structures were installed, since the existing torrent defence works are regarded to be effective against avalanches due to an increased roughness of the surface (Spinatsch, 2003, pers. comm.) . Thus, the costs for the torrent defence works were neglected in this study, since they are no avalanche defence works in a narrower sense. The costs of construction of the avalanche defence structures in the whole study area amount to k Euro 37 381 for the accounting period 1921-2000, adjusted to inflation and accumulated according to Eq. (1). 71% of this value (k Euro 26 589) was spent in the period from 1921-1949 (see Table 1 ). A relatively high proportion of the investments was done in the 1970s (a total of k Euro 7,043 which is approximately 19% of the total investments) due to increased public pressure for avalanche protection, which was driven by an increase in the number of buildings in the 1960s and early 1970s and the relatively high damage in Davos during the winter of 1967/68 (Fuchs and Bründl, 2005) . When maintenance costs are included, which were determined to be 1% of the total investment costs per year because it was assumed that snow supporting structures have an average life-cycle of 100 years, the total cost of technical mitigation measures in the four areas from 1921-2000 amounts to k Euro 57 811 (see Table 1 ). 77% of the total amount account for the accounting period until 1949, 15% for the accounting period in the 1970s and 8% for the remaining periods.
Endangered buildings
In Table 2 , the number and the value of the endangered buildings is presented for the year 2000. In the columns on the left, data resulting from the calculated 300-year scenario without mitigation measures is presented. The columns on the right show data resulting from the 300-year scenario with mitigation measures. Without the construction of mitigation measures, 458 buildings with an insured value of k Euro 714 672 would be endangered in the avalanche accumulation areas. Taking into account the mitigation measures, 125 buildings with an insured value of k Euro 121 756 remain vulnerable to damage. Furthermore, the buildings were separated into six categories, which are residential buildings, commercial buildings, hotels and guest houses, agricultural buildings, special-risk buildings, such as hospitals or buildings of the public administration, and other buildings. It becomes apparent that in both scenarios the category of residential buildings show the highest exposure to loss both for the number and for the insured value, and consequently for the number of endangered persons (see Sect. 3.3) . Applying the method of loss expenses, the results quantified in the scenarios described above were subtracted from each other, resulting in an upper limit of utility under consideration of an error bar of ±30 m due to modelling uncertainties (see Table 3 and Fig. 3 ). This upper limit represents Table 2 . Number (N) and value of buildings and number of residential population in the buildings affected by the scenarios under investigation, calculated on basis of the situation in the year 2000. In the left section, results from the scenario without mitigation measures are presented. In the right section, results from the scenario under consideration of mitigation measures are presented. The difference between those two scenarios is considered as net benefit due to mitigation measures. N is the number of buildings affected by the scenarios. Table 3 . Benefit from mitigation measures, based on the calculated scenarios. The bias due to the consideration of a modelling error of ±30 m, on the basis of a 95%-confidence interval, is based on the ideas outlined in Barbolini et al. (2002) . N is the number of buildings protected by the mitigation measures. et al., 2005) . The cost-benefit ratio of this upper limit is 1:16.6 (1:17.5-1:14.7 under consideration of the error bars) for all the study areas combined. Taking into account the expenditures for maintenance costs results in a cost-benefit ratio of 1:9.7, without the consideration of error bars.
For individual areas in this study, the cost-benefit ratios vary, which can be attributed partly to the level of mitigation on the one hand and the amount and type of building development on the other hand.
Within the study area beneath the Dorfberg, 81 buildings with an insured replacement value of k Euro 147 342 were protected. The related investments, under consideration of inflation and unaccrued interest, amount to a total present value of k Euro 11 034. Taking into account the expenditures for maintenance, a total cost of k Euro 17 206 results. The upper limit of the cost-benefit ratio, considered in terms of probable maximum loss (PML), is 1:13.4 for the investment costs alone and 1:8.6 considering maintenance expenditures.
Following the suggestions of Wilhelm (1997) outlined in section 2, the cost-benefit ratio increases due to decrease of the affected damage potential by 85%. The utility is reduced to 12 buildings with an insured value of k Euro 22 101. Thus, the cost-benefit ratio is 1:2 without and 1:1.3 with expenditures for maintenance. The value of the protected buildings exceeds the costs of the mitigation measures by 30%.
Within the study area beneath the Schiahorn, 82 buildings with an insured replacement value of k Euro 159 143 were protected. The related investments, under consideration of inflation and unaccrued interest, amount to a total present value of k Euro 25 648. Taking into account the expenditures for maintenance, a total cost of k Euro 40 207 results. The upper limit of the cost-benefit ratio, considered in terms of probable maximum loss (PML), is 1:6 for the investment costs alone and 1:4 considering maintenance expenditures. Following the suggestions in Wilhelm (1997) , the utility is reduced to 12 buildings with an insured value of k Euro 23 872. Thus, the cost-benefit ratio is 1:0.9 without and 1:0.6 under consideration of expenditures for maintenance. These results do not necessarily indicate that the avalanche mitigation measures at Schiahorn are inefficient. They are the result of the method used within this section, because the calculations are only based on the insured replacement values and any additional effects, such as a valuation of human lives, have not been taken into consideration. Furthermore, possible sources of uncertainty resulting from the economic methods used, such as differences between market prices for endangered buildings and replacement values for those buildings, have not been taken into account.
Residential population
The number of affected persons (residential population) is presented in Table 2 , separated into the building categories mentioned above. In the left column, results from the scenario without mitigation measures are presented. In the right column, results from the scenario with mitigation measures are presented. In the former scenario, 5221 persons are affected, in the latter scenario only 1137, which corresponds to a reduction of 78%. Consequently, most of the persons can be located in residential buildings, 4442 persons without mitigation measures and 1116 persons with mitigation measures, which is 75% reduction of endangered persons.
The utility from the realisation of mitigation measures is presented in Table 3 . 4084 persons are protected by mitigation measures, whereas the range is between 4626 (+13%) and 3285 (−20%). Residential buildings account for the highest proportion of protected people, which amounts to 3326 persons with a range between 3862 (+14%) and 2597 (−22%).
The utility resulting from mitigation measures can be expressed in monetary terms calculated from the number of endangered human lives, assessed by means of the human capital approach. Applying this approach, only fatalities were assessed, but not expenditures for injured persons or the related 29 Figure 3 . Benefit due to mitigation measures in the municipality of Davos. In numbers, the highest net benefit is within the category of residential buildings, followed by the category o other buildings and commercial buildings. In value, the highest net benefit is within the category of residential buildings, followed by the category of hotels and guest houses, and the category of other buildings. In numbers, the highest net benefit is within the category of residential buildings, followed by the category of other buildings and commercial buildings. In value, the highest net benefit is within the category of residential buildings, followed by the category of hotels and guest houses, and the category of other buildings.
secondary effects, like losses of earnings due to a trauma or the like. Analysis of data from the database of destructive avalanches of the Swiss Federal Institute for Snow and Avalanche Research (Laternser et al., 1998) has shown an average fatality rate of 46% for persons buried in buildings due to an avalanche event. Thus, the total number of endangered persons is reduced by this fatality factor, and a total of 1879 persons had to be taken into account for the calculation (range between 2128 and 1511 persons). Applying the human capital approach to these numbers, the benefit due to mitigation measures in Davos is k Euro 1 738 075 (range between k Euro 1 968 400 and k Euro 1 397 675). Thus, the cost-benefit ratio under consideration of the investments and the maintenance costs is 1:30 (1:34−1:24).
The cost-benefit ratio varies for the individual avalanche paths, as exemplarily shown for the area below the Dorfberg and the Schiahorn area.
Due to the construction of avalanche defence structures, 682 persons were protected beneath the Dorfberg. Applying the fatality factor, the utility from mitigation measures is 314 persons, which have a value of k Euro 290 450. Thus, the cost-benefit ratio is 1:17. Considering the method suggested by Wilhelm (1997) , the utility beneath the Dorfberg is reduced to 47 persons or k Euro 43 400, which corresponds to a cost-benefit ratio of 1:2.5 (with consideration of the investments and the maintenance cost).
Due to the construction of avalanche defence structures, 1054 persons were protected beneath the Schiahorn. Applying the fatality factor, mitigation measures protected 485 persons beneath Schiahorn, which is k Euro 448 625. Thus, the cost-benefit ratio is 1:11. Considering the method suggested by Wilhelm (1997) , the utility beneath the Schiahorn is reduced to 73 persons or k Euro 67 525, which corresponds to a cost-benefit ratio of 1:1.7 with consideration of the investments and maintenance costs.
Tax revenue
Avalanche defence structures are largely investments by the public sector. Thus, the cost for the public sector can be compared with the expected future tax revenue within the protected areas in order to examine distributional effects of expenditures on mitigation. The ratios of costs and revenues provide information on how costs and benefits of avalanche defence measures are distributed between tax-payers in general and those people who receive the benefits because they live in the endangered areas.
The 4084 persons who live in the endangered areas in the four avalanche paths included in this study have an average tax liability of k Euro 366 437 in their remaining average working time. Due to the range of the avalanche accumulation areas, this value scatters between k Euro 415 068 and k Euro 294 747. Using these values of expected tax revenue, the cost-revenue ratio is 1:6.3 (1:7.2−1:5). If the ratio is calculated merely for the statistically prevented fatalities, the utility is reduced to 1879 persons owing k Euro 168 593 future tax revenue, the related cost-revenue ratio is reduced to 1:2.9.
Following the method suggested by Wilhelm (1997) , the potential revenue from the area beneath the Dorfberg is reduced to 47 persons or k Euro 4210 future tax revenue, which corresponds to a cost-revenue ratio of 1:0.07 (considering the investments and the maintenance costs). The utility beneath the Schiahorn is reduced to 73 persons or k Euro 6 550 future tax revenue, which corresponds to a cost-revenue ratio of 1:0.11. Mitigation measures are financed by three levels of government in Switzerland. The highest percentage is provided by the Swiss Confederation, followed by the shares of the canton of Grisons and the municipality of Davos. It is assumed that the municipality of Davos benefits from the financing of mitigation measures, directly from the possibility of expanding the land open to development and indirectly from the feeling of safety among the tourists and the residential population. Thus, the question of redistribution mainly concerns the shares of the Confederation and the canton as compared with associated revenue from income taxes on inhabitants within avalanche paths. To demonstrate distributional effects of expenditures on avalanche mitigation, this analysis focuses on the Confederation level. The Confederation share of income tax revenues is 10% of the total revenue, as outlined in Sect. 2. The total Confederation contributions to the avalanche protection measures from the municipality of Davos between 1921 and 2000 (districts "Dorf" and "Platz") amount to k Euro 32 710 (considering inflation and unaccrued interest). When the contributions of the municipality of Davos and the canton of Grisons are subtracted from the total investment costs, the cost-revenue ratio for investments by the Swiss Confederation becomes 1:0.5. As a result, under the assumption that the whole future tax revenue would be used for the Confederation's expenditures for mitigation measures, twice as many people subsidise the Confederation's expenditures on mitigation measures than profit from them.
For the Dorfberg area, the Confederation's expenditures amount to k Euro 9 709 (considering inflation and unaccrued interest). Following the method outlined in Wilhelm (1997) , the Confederation share of the potential revenues from the Dorfberg area is reduced to k Euro 421. Thus, the costrevenue ratio is 1:0.04. As a result, approximately twenty times as many people subsidise the expenditures in mitigation measures by the Confederation than profit from them.
For the Schiahorn area, the expenditures spent by the Confederation amount to k Euro 22 189 (considering inflation and unaccrued interest). Following Wilhelm (1997) , the Confederation share of the potential revenues from the Schiahorn area is reduced to k Euro 655. Thus, the cost-revenue ratio is 1:0.03. Therefore, approximately thirty times as many people subsidise the expenditures in mitigation measures by the Confederation than profit from them.
Conclusion
In the above sections, cost-benefit ratios for the technical avalanche protection measures in the center of the municipality of Davos, Switzerland were discussed from an ex-post perspective. Depending on the method for the quantification of the related utility, a wide range of ratios of probable maximum loss (PML) was determined: 1:30 for endangered persons and 1:10 for endangered buildings. Applying the suggestions outlined in Wilhelm (1997) , the cost-benefit ratios in the Dorfberg area are 1:2.5 for endangered persons and 1:1.3 for endangered buildings. In the Schiahorn area, the ratios are 1:1.7 for endangered persons and 1:0.6 for endangered buildings. In terms of future tax revenue, the cost-revenue ratio at the municipal level is 1:6.3 and 1:2.9 considering statistically prevented fatalities. Applying the method outlined in Wilhelm (1997) the cost-revenue ratio is reduced to 1:0.07 in the Dorfberg area and 1:0.11 in the Schiahorn area.
With respect to the protection of endangered persons, the prevention projects have net economic benefits in each of the four endangered areas. With respect to endangered buildings, the prevention projects have net benefits on a municipal level and for each of the endangered areas except for that beneath the Schiahorn, where the capital investments exceed the insured values of the protected buildings.
With respect to spending by the Confederation on avalanche defence measures, on a municipal level, the costs of the prevention measures are two times higher than the expected future total tax revenue. The costs of protecting the Dorfberg area and the Schiahorn area are twenty times and thirty times higher than the expected future revenues. Thus, mitigation measures in Davos can be considered as subsidies for habitation in endangered areas. At the same time, however, governmental expenditures for mitigation measures for endangered areas may also result in lower demand, and consequently, lower prices for real estate outside endangered areas.
The assumptions made in this study are conservative, due to the separate assessment of benefits resulting from prevented damage to buildings and from prevented human lives. A summary valuation of benefits would decrease the ratios of costs to benefits. In terms of probable maximum loss (PML), the ratio of costs to benefits would be 1:40. Applying the suggestions outlined in Wilhelm (1997) , the ratios would be 1:3.8 for the Dorfberg area and 1:2.3 for the Schiahorn area.
However, only direct costs were taken into account, not the wider social and environmental effects, such as a possibly negative image caused by an impairment of the natural scenery due to snow rakes in avalanche starting zones. Indirect benefits, such as the non-monetary value of a person and the value of a feeling of public safety, were not included. Inclusion of indirect costs would have raised the ratios of costs to benefits, inclusion of indirect benefits would have reduced these ratios.
Discussion
Evaluations of the net benefits of natural hazards protection measures will vary as the local context changes. The relatively high property values in Davos and relatively high incomes of persons in Switzerland produced net benefits that are higher than they would be in other areas or countries with lower property values and incomes.
This analysis indicates that the avalanche protection measures have provided net economic benefits on a municipal level when benefits are valued either in terms of protection of human life or in terms of buildings. Following the suggestions outlined in Wilhelm (1997) , the avalanche protection measures do not have positive net benefits in terms of protected buildings for the Dorfberg and Schiahorn areas. This suggests that, if only the direct effects included in this analysis are considered and, furthermore, if only endangered . Schematic illustration of total cost and corresponding total benefit due to the implementation of avalanche mitigation measures in the municipality of Davos. At the level of mitigation q 0 , the marginal benefit of additional mitigation is higher than the cost. Thus, further investments produce net benefits. At q po , the slope of total benefit (A) and the slope of total cost (B) are equal, the marginal benefit and marginal cost per unit of mitigation are equal, and the level of mitigation is optimal. As the level of mitigation increases beyond q po up to q pi , where the total costs are the same as the total benefits, the total supply of avalanche mitigation still provides positive net benefits but is greater than optimal because the marginal cost of each additional unit of mitigation exceeds the corresponding marginal benefit. Beyond q pi , the total supply of mitigation produces negative net benefits.
buildings are taken into account, a lower supply of avalanche protection in these areas could have produced net benefits.
For future decisions about the optimal supply of avalanche protection measures, evaluations of the marginal costs and benefits of avalanche protection measures are needed. Figure 4 shows a theoretical model of total cost and total benefits for avalanche defence structures. The laws of diminishing marginal utility and increasing marginal cost suggest that the supply of each additional unit of "avalanche protection" produces an increasingly smaller benefit than the previous unit, while, the supply of each additional unit has an increasingly greater cost. At q po , the slope of total costs and total benefits is equal and the marginal cost-benefit ratio is 1:1. At this point, the allocation of resources is economically efficient. Thus, a comparison of marginal costs and benefits would indicate the economically efficient supply of avalanche protection measures. A marginal cost-benefit analysis of possible avalanche protection measures in each of the endangered areas in the municipality of Davos may suggest potential gains in economic efficiency from additional investments in some areas and lower levels of investment in others.
The comparison of expected tax revenues with costs of avalanche protection for the Confederation indicates that the inhabitants of the endangered areas are subsidised by the larger population. The cost for mitigation measures are born by a larger community than the community of the beneficiaries. Normative appraisals of the distributional effects of the avalanche defence measures belong in the arena of public policy, as all people liable for taxation may or may not value 328 S. Fuchs and M. C. McAlpin: The net benefit of public expenditures on avalanche defence structures the subsidisation of protection against avalanches for people who live in endangered areas.
Although there may be potential gains in economic efficiency from changing the supply of avalanche protection in some areas in the municipality of Davos, the decision to supply more or less avalanche protection is a political one. Cost-benefit analysis can only inform, rather than answer, the question of how much risk protection the public sector should provide. The choice of how much to invest in mitigation measures depends on the political determination of a standard of protection. The standard may be set in terms of economic efficiency, the level of expenditures, as a target for the maximum number of lives lost, or in some other way. In addition to the need to incorporate cost-benefit analyses into a broader context of political decision-making, there are still unresolved issues involved in using cost-benefit analyses as information for decisions about the level of protection against natural hazards in Switzerland. First, most cost-benefit analyses assume that effects should be evaluated with respect to the preferences of individuals (Nash et al., 1975) . However, since some people benefit more directly from mitigation measures than others, the preferences for the measures may be different among the group of people who live in endangered areas and among those who live outside those areas. Therefore, cost-benefit analyses are affected by whose preferences are used to determine the benefits of mitigation measures. Second, while the utility from protecting property from natural hazards can be determined with relative ease and minimal debate, as the property values are already expressed in monetary terms, the valuation of protecting people from natural hazards requires placing a monetary value on each human life in the absence of objective rules for doing so (e.g. Adams, 1974; Viscusi, 1993; Pearce, 1998) . The human capital approach used in this cost-benefit analysis raises ethical issues, as it values old people less than young or middle-aged people. Third, problems may arise in the aggregation of material assets and non-material assets, such as human life.
Despite its limitations, economic analysis can contribute by providing information for the political choice of a standard of protection against natural hazards and on how to achieve the politically determined standard. Cost-benefit analysis is simplified considerably when different alternatives attaining the same utility are evaluated against each other. This approach would apply in the situation where a level of risk acceptance has been set by the relevant community and the question is how to most effectively meet this standard. In order to determine the most competitive alternative, only relative comparisons of cost-effectiveness are necessary, which avoids the problems associated with valuing human lives. Cost-benefit analysis offers a tool for policy decisions because it allows for the comparison of monetary and non-monetary factors. The comparison of economic costs and benefits is one consideration that may facilitate decision-making about protection against natural hazards.
Appendix A
Avalanche protection measures are considered to be public goods. In a narrower sense, they represent local public goods, because they benefit primarily the residential population. Avalanche protection measures have the following characteristics of public goods:
For an inhabitant ofa settlement, the quality of avalanche protection does not change by the utilisation of the same good by another inhabitant. The marginal costs of the utilisation of the avalanche protection measures by an additional user are zero and, as a consequence, there is no market price for this good. Consumption of the utility from this public good is not necessarily fully valued by the users and, as a result, the private sector fails to provide this good at a sufficient level for economic efficiency. In some cases, due to the scarcity of protected areas for development within avalanche paths, potential users could be excluded from the utilisation. This scarcity would make avalanche protection measures common (pool) resources, for which use by some decreases the potential utility to others (Mankiw, 2001) . Related to the scarcity of development areas, and the possibility of an exclusion of potential users via market prices for scarce plots, avalanche protection measures can also be described as club goods, which is a special form of public goods.
Avalanche protection measures are also characterised by a non-excludability of the utilisation of the good. No user can exclude, independently of the individual willingness to pay, another user from utilisation. Non-excludability creates incentives for free riding because people can attain the utility of a good without paying for it. Free riding is a source of market failure because, since people pay for less than the efficient quantity of a good, the market produces less than the efficient quantity of the good.
In the theory of public goods it is assumed that individuals are aware of their preferences. However, consumers might not always be aware of their preferences for avalanche protection measures, which can be partly attributed to free supply and passive consumption. The preferences for such preventive supply of a subsidy are frequently not only unknown, but also unstable and unequally distributed (Brümmerhoff, 1996) .
Appendix B
It is the responsibility of the Swiss cantons to protect people's life and property from natural hazards such as avalanches, landslides, erosion and rockfalls in accordance with the Federal Law of 22nd June 1979 relating to land-use planning. Further implementation instructions result from the appropriate articles in the Federal Law of 4th October 1991 relating to forests and the Federal Law of 21st June 1991 relating to hydraulic engineering. According to these laws and associated decrees, the appropriate specialised offices of the federal authorities have to compile guidelines to encourage the consideration of natural hazards in land-use planning.
The principles for general planning issues are published in Heinimann et al. (1998) , whereas the "Guidelines for the Consideration of the Avalanche Danger in Land-Use Planning Activities" have been approved in 1984 (BFF and SLF, 1984) . These guidelines describe the two main instruments for the inclusion of avalanche danger in land-use planning, namely avalanche incident documentation and the avalanche hazard map. This hazard map divides an examined area into different subsections with different danger levels according to the severity and the likelihood of potential avalanche hazards (BFF and SLF, 1984) .
Red indicates areas where pressure from avalanches with recurrence intervals T between 30 and 300 years exceeds a lower limit that ranges from 3 kPa for T=30 years to 30 kPa at T=300 years. The entire area affected by (dense flow) avalanches with T<30 years is also marked in red.
Blue indicates areas where pressure from avalanches with recurrence intervals T between 30 and 300 years falls below 30 kPa. Areas affected by powder avalanches with reoccurrence intervals T<30 years and a pressure <3 kPa are also marked in blue.
The run-out areas of powder avalanches with reoccurrence intervals T>30 years and a pressure <3 kPa are marked in yellow, as well as theoretically not excludable but extremely rare avalanches with a reoccurrence interval T>300 years.
